Recent and upcoming experimental data as well as the possibility of rich phenomenology has spiked interest in studying the quantum gravitational effects in cosmology at low (inflation-era) energy scales. While Planck scale physics is under development, it is still possible to incorporate quantum gravity effects at relatively low energies using quantum field theory in curved spacetime, which serves as a low-energy limit of planck scale physics. We use the Vilkovisky-DeWitt's covariant effective action formalism to study quantum gravitational corrections to a recently proposed Natural Inflation model with periodic nonminimal coupling. We present the 1-loop effective action for this theory valid in the flat-potential region, considering perturbative corrections upto quadratic order in background scalar fields.
I. INTRODUCTION
Natural inflation was first introduced by Freese et al. [1] as an approach where inflation arises dynamically (or naturally) from particle physics models. In natural inflation models, a flat potential is effected using pseudo NambuGoldstone bosons arising from breaking the continuous shift symmetry of Nambu-Goldstone modes into a discrete shift symmetry. As a result, the inflation potential in a Natural inflation model takes the form,
where the magnitude of parameter Λ 4 and periodicity scale f are model dependent. However, majority of natural inflation models are in tension with recent Planck 2018 results [2] .
Recently, an extension of the original natural inflation model was proposed that introduces a new periodic nonminimal coupling to gravity [3] . This modification leads to a better fit with observation data, with n s and r values well within 95% C.L. region. from combined Planck 2018+BAO+BK14 data. Moreover, f becomes sub-planckian, contrary to a super-planckian f in the original natural inflation model, and addresses issues related to gravitational instanton corrections.
Our objective here is to study one-loop quantum gravitational corrections to the natural inflation model with nonminimal coupling, using Vilkovisky-DeWitt's covariant effective action approach [4] . A caveat is that effective action cannot be calculated exactly, so only perturbative results are feasible. Hence, we apply a couple of approximations. First, we work in the regime where potential is flat, i.e. φ ≪ f . Second, the background metric is Minkowski.
The action for the nonminimal natural inflation in the Einstein frame is given by,
where,
and,
V (φ) is as in Eq. (1). In the region of where potential is flat, φ/f ≪ 1, and we expand all periodic functions in Eq.
(2) upto quartic order in φ:
where parameters m, λ, k 0 and k 1 have been defined out of α, f and Λ 4 in from Eq. (2):
;
We have also omitted a constant term appearing in 5 because such terms are negligibly small in early universe.
II. EFFECTIVE ACTION FORMALISM
The quantization of a theory S[ϕ] with fields ϕ i is performed about a classical backgroundφ i :
i is the quantum part. In our case, ϕ i = {g µν , φ};φ i = {η µν ,φ} where, η µν is the Minkowski metric; and,
The 1-loop effective action is given by
as α −→ 0 (Landau-DeWitt gauge). Here, S ,i and S ,ij are first and second functional derivative w.r.t the fields (g µν , φ) at background (η µν ,φ), respectively.Γ k ij are Vilkovisky-DeWitt connections that ensure covariance. χ β is the gauge condition for the GCT symmetry, and Q αβ is the ghost term that appears during quantization. Fortunately, upto quadratic order in background fields, and upto κ 2 order in quartic order terms, ghost determinant does not contribute. Hence, we will omit writing Q αβ in our calculations.
For convenience, we write the exponential in the first term of Γ as,
TreatingS 1 , ...,S 4 terms as perturbative, the final contribution to Γ at each order ofφ is:
The correlators are calculated using Wick's theorem and basic propagator relations
where, G(x, x ′ ) and G µνρσ (x, x ′ ) are respective green's functions for gravity and scalar field.
III. RESULTS AND CONCLUSIONS
In what follows, an integration over coordinates ( d 4 x) and coordinate dependence is assumed unless stated otherwise. Our results for S 0,1,2 are as follows:
4α (11)
In our case, S 0 leads to the free theory propagators for gravity and massive scalar field, which are well known. S 1 contains cross terms of h µν and δφ, and does not contribute at O(φ), since S 1 (x) = 0. Contribution from S 1 comes at O(φ 2 ) from terms consisting of S 1 (x)S 1 (x ′ ) (Eq. 9). Expectation value of S 2 (x) describes contributions from tadpole diagrams. S 1 (x)S 1 (x ′ ) encompasses interaction terms between gravity and scalar field. For bookkeeping, parameters like ω and ν have been introduced to track gauge dependent terms and Vilkovisky-DeWitt terms respectively. Playing with these parameters is an interesting exercise to check the gauge invariant nature of Vilkovisky-DeWitt approach [5] . We present here the divergent part of Gamma at O(φ 4 ), obtained after regularizing these path integrals using dimensional regularization (a factor of 1/(n − 4) is assumed with the limit n → 4):
Note that there are gauge dependent terms in both Eqs. (14) and (15), two of which diverge as α → 0 (Landau gauge). However, when all contributions are added to evaluate Γ, these terms vanish so that the final result is gauge-invariant.
Final result for divergent part of Γ obtained from Eq. (9) after removing bookkeeping parameters (ω → 1, ν → 1) in the Landau gauge (α → 0):
where L = 1 8π 2 (n − 4) .
One can in principle construct counterterms from the classical action functional to absorb the divergent part in Eq. (16), which will inturn induce 1-loop corrections to parameters of the theory (2). Unfortunately, no counterterms can be found for the last two terms in Eq. (16) which are indeed fourth order derivative terms, and highlight the issue of renormalizability of gravity theories. A subsequent work will contain more detailed calculations upto quartic order in background fields, and the effect of quantum corrections in the context of inflation [6] .
